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Abstract

Strong luminescent CulnX,/ZnX (X=S,Se) core/shell quantum dots were synthesized by a
novel nontoxic and inexpensive organometallic method in two simple steps of CulnS, and
CulnSe; core formation and ZnS and ZnSe shell over coating at 240° C, respectively. X-ray
diffraction pattern confirms the CulnX; core and CulnX,/ZnX core/shell (X=S,Se). HR-
TEM images revealed that the particle sizes is homogeneous and the CulnS,/ZnS and
CulnSe,/ZnSe core/shell nanoparticles are pyramidal in shape by CulnS; and CulnSe;
tetragonal phase with average diameters of approximately 4 nm to core and 6 nm to core
shell structure. CulnS,/ZnS and CulnSe,/ZnSe core/shell quantum dots shown excellent
photoluminescence properties with high fluorescence emission from 750 nm to 850 nm.
Quantum confinement effects were observed for red and Near-IR emission and quantum
yield increasing form 11% to 62% after ZnSe overcoating for ternary chalcopyrites of
CulnSe,. The CulnSey/ZnSe core/shell quantum dots synthetized were used as
photosensitizers in the production of ROS such as 'O,, since selenium has long been
viewed as having anticancer effects based on early numerous experiments from animal
models. The Kkinetic study of the singlet oxygen quenching reaction with 1,3-
diphenylbenzofuran, was conducted by the photoluminescence emission intensity decrease.
Here we report CulnSey/ZnSe core/shell quantum dots revealed characteristics of a
sensitizer nanoparticle produce reactive oxygen species such as singlet oxygen (*O,), it
shown for a promising application in the photodynamic therapy and optical device

application as photosensitizer in ROS production, as well as biosensors.
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Single Oxygen, Photodynamic therapy



Resumen

CulnXy/ZnX (X=S,Se) core/shell quantum dots (QDs) con alta luminiscencia fueron
sintetizados mediante un nuevo método no toxico y eficiente, el cual se basa en dos pasos
de reaccion: uno para estructuras del nacleo o “core”de CulnS, y CulnSe; y, el otro, para
el cascarén o “shell” de ZnS y ZnSe a 240°C. Se evidenci6é mediante XRD la formacion de
las estructuras CulnX; core y CulnX,/ZnX core/shell (X=S,Se). Imagenes de HR-TEM
muestran homogeneidad en el tamafio de particula de ambos sistemas y evidencian la
estructura piramidal de las calcopiritas que conforman el nicleo CulnS, y CulnSe, de los
sistemas respectivos. Ambos sistemas muestran excelentes propiedades de emision de
fotoluminiscencia entre los 750 nm y los 850 nm. Los efectos de confinamiento cuénticos
fueron observados en las regiones de emision en el rojo y el IR cercano. El rendimiento
cuéntico se incrementd del 11% al 62% después de realizar el recubrimiento con ZnSe. Los
QDs CulnSe2/ZnSe core/shell sintetizados fueron utilizados como foto-sensibilizadores
en la produccién de ROS tales como *O,. El estudio cinético de la reaccion de bloqueo del
oxigeno singlete con 1,3-diphenylbenzofuran, se comprobd por la disminucién de la
intensidad de emision de fotoluminiscencia del DPBF. Los estudios cinéticos con
CulnSe2/ZnSe core/shell QDs revelaron caracteristicas de sensibilizador para producir
especies reactivas del oxigeno tales como el oxigeno singlete (*O,). Estos resultados
permiten plantear la aplicacion de CulnSe2/ZnSe core/shell QDs en la terapia fotodinamica,
como fotosensibilizador en la produccién de ROS, en el desarrollo de dispositivos Opticos y

biosensores.

Palabras  clave:  CulnS,/ZnSe, CulnSe,/ZnSe,  Core/Shell, Quantum  Dots,

fotoluminiscencia, oxigeno singlete, terapia fotodindmica
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1. INTRODUCTION

A quantum dot (QD), likewise named colloidal semiconductor nanocrystal, is a
semiconductor material nanostructured with a discrete quantized energy spectrum. QDs
semiconductor nanoparticles bidding scientific attention due to their size and shape reliant
on properties.’® QDs has been synthetized of an photoluminescent inorganic core like CdS,
CdSe, CdTe,>® composed of a few hundred atoms, surrounded by an organic external layer
of surfactant ligands. Photoluminescent QDs semiconductor nanostructures are considered
as photosensitizer in photodynamic therapy, fluorescence marker for biomolecules®® and
absorber material for solar cells® ° or light emitting diode™, due to their tunable absorption
and emission in the visible and infrared range of the solar spectrum. Nevertheless, the best
considered materials until now, like cadmium and lead chalcogenides, have a disadvantage

of containing highly toxic constituents that limits their potential applications.™ *2

Potential alternatives less toxic materials that have been used, and having a tunable
absorption in the visible range, are copper indium chalcogenides. These chalcogenides in
the bulk material have a direct band gap semiconductor approximately 1.5eV, a high
radiation, an exciton radius of 4 nm,*® and an extinction coefficient of 105 cm™ around of
500 nm.** Consequently, cupper indium chalcogenides are at present broadly used in thin
film solar cells conventionally prepared by sputtering or evaporation techniques.'® In
contrast, there are a small number of studies about organometallic synthesis of colloidal
cupper indium chalcogenides nanoparticles with a close size distribution and efficient size

or shape control.



QDs confines excitons (bound pairs of conduction band electrons and valence band
holes) in all three spatial dimensions. As a consequence of this confinement, QDs involved
abundant attention for their novel characteristics like properties such as lower band gap
than bulk semiconductor. One way of producing confinement is to build an interface
between different semiconductor materials by creating a core/shell QDs system.
Association of semiconductors with other materials such as metals, oxides, sulfides, etc., in
the same heterostructure, constitutes a quantum well system, which allows for the design of
core/shell QDs, combining different physical properties such as fluorescence, magnetism,

and different decay lifetimes.

Since last decades, there has been applied the effective mass approximation to calculate
the electronic structure of quantum-dot and quantum wells semiconductors (QDQWS)
generated by difference between electrostatic potentials in interface of core and shell
heterostructure. Electronic structure of QDQWS was assessed for evaluation of the electron

and hole waves functions, the 1s transition energy, and the overlap of wave functions.*®*’

1.1.Background

In earlier works has been synthetized cadmium and sulfide based CdS/znS® and
chalcogenides CulInS,*** core and CulnSz/ZnS®™, core/shell quantum dots with high
photoluminescent properties, but these materials can be degrade slowly inside of organism
generating high toxic cadmium ions and sulfide ions and consequently hydrogen sulfide,
which one are high toxic in cell environment. This problem can be resolve with change of
sulfide ion by selenide ion in the core/shell nanoparticles to form CulnSe,/ZnSe. Selenium

has long been viewed as having anticancer effects based on numerous experiments from



animal models, human chemopreventive efficacy using Se supplement in human, and

anticancer activity of selenoproteins systems evaluation.'®

ZnSe could be a very good candidate as a shell material due to its wider band gap (Egq
=2.69 eV) than that of CulnSe, (1.04 eV) and the band orientation is of type I, i.e., both
electrons and holes are confined in CulnSe,.*® Previous works in which ZnSe was used as
shell in nanostructures of core/shell type, exhibited quantum yields (QY's) ranging from 60
to 85% and narrow emission line widths.?> % Hence, different compositions of core/shell

structures have been used.*>¢4

Novel functional heterostructures of CulnSe,/ZnSe core/shell QDs can be generated for
applications in several fields such as, optoelectronics devices, solar cells, aerospace
engineering and healthcare. In most of these areas, the CulnSe,/ZnSe core/shell QDs are
used as a stage for additional surface functionalization, boosting their solubility in different
media, increasing the ability to adjust their assembly properties on particular substrates or

induce their binding to other molecules or macromolecules.® % 2

1.2.Motivation

All these modifications opened up new areas with major interest of application of
core/shell QDs such as photodynamic therapy (PDT).%" ?® PDT is a relatively new method
for cancer treatment, where tumor cells are exterminated by light-induced confined
production of a reactive oxygen species (ROS), such as singlet oxygen (‘O,) and other
radical species such as superoxide anion radical (O, ).% In general, core/shell QDs or

others nanometric semiconductors could be used in PDT as photosensitizers, carriers of



photosensitizing molecules, magnetic nanoparticles, up- and down- converters for

photosensitizing molecules, molecular targeting nanostructures, etc.’**

In this context, we a novel approach the synthesis and characterization of copper indium
chalcogenides core/shell quantum dots (CulnS,/ZnS and CulnSe,/ZnSe) by a novel and
sustainable two-steps reaction of copper, indium salts, selenium powder sources and zinc
salts with very low toxicity. The CulnSe,/ZnSe core/shell quantum dots synthetized were
used as photosensitizers in the production of ROS such as *0,.%% * The singlet oxygen
generated in situ from the CulnSe2/ZnSe core/shell quantum dots was determined by an
indirect chemical quenching using 1,3-diphenylbenzofuran (DPBF). The kinetic study was
performed by following the decrease of the DPBF photoluminescence (PL) emission with
time.** CulnSe,/ZnSe synthesis was based on previous studies to obtain sulfur

chalcogenides. & 4% %

1.3.0bjectives
1.3.1. Main Objective
The main objective of this work is to synthesize and to study the optoelectronic
performance of chalcogenide based (CulnS,, CulnSe,, CulnS,/ZnS, CulnSe,/ZnSe) core/shell
quantum dots for phodynamic therapy.
1.3.2. Specific Objectives
1.3.2.1.Synthesize indium chalcogenides core/shell quantum dots (CulnS;, CulnSe,,
CulnS,/ZnS, CulnSe,/ZnSe) by a novel and sustainable two-steps reaction of
copper, indium salts, and sulfur or selenium sources and zinc salts with very low

toxicity.



1.3.2.2.Characterize structural properties of the nanoparticles (CulnS,, CulnSe,,
CulnS,/ZnS, CulnSe,/ZnSe) through X-ray diffraction, transmission electron
microscopy, and high resolution transmission electron microscopy.

1.3.2.3.Characterize optical properties of QDs (CulnS;, CulnSe;, CulnS,/ZnS,
CulnSe,/ZnSe) by photoluminescence measurements.

1.3.2.4.Determine CulnSe,/ZnSe Photosensitizing Properties and singlet oxygen
generation in situ from by an indirect chemical quenching using 1,3-

diphenylbenzofuran (DPBF).



2. MATERIALS AND METHODS

2.1.Materials

Copper(l) acetate (CuOAc, 97%, Sigma-Aldrich), indium(I1l) acetate (In(OAC)3, 99%,
Alfa Aesar), 1-dodecanethiol (DDT 98%, Acros Organics ), selenium powder (99.99%,
Sigma-Aldrich), zinc acetate dihydrate (98%, Acros Organics), tri-n-octylphosphine (TOP,
97%, Sigma-Aldrich), trioctylphosphine oxide (TOPO, 99%, Sigma-Aldrich), oleylamine
(OA, 70%, Sigma-Aldrich), 1-octadecene (ODE, 90%, Acros Organics), and nitrogen (high
purity, 99.98%) were used as precursor for synthesis CulnS,/ZnS and CulnSe,/ZnSe

core/shell structures.

2.2.Core and Core/shell Synthesis

CulnS, and CulnSe;, core were synthesized through the reaction of 0.2mmol of 1-
dodecanthiol and selenium powder, respectively, with 0.1mmol of CuOAc, 0.1m mol of
In(OAC)s, 5mL of tri-n-octylphosphine, 0.5mmol of trioctylphosphine oxide, 5mL of
oleylamine, and 10mL of octadecene, at 250°C, in nitrogen atmosphere. After core being
60 min in reaction temperature, it was cooled to room temperature and 20 ml of ZnS and
ZnSe precursors were added by pressure-equalizing dropping funnel, to respective CulnS;
or CulnSe; core structures. Then, temperature was increased to 240° C ZnS or ZnSe shell
over coating and the reaction was continued for an additional 30 minutes and finally cooled
to room temperature. For precipitating ethanol and acetone was added followed by
centrifuging (8000 rpm). The QD structures were suspended in hexane and precipitated in a
mixture ethanol: acetone 5:1, this process was repeated three times to remove unreacted
materials. Finally, the precipitated product was suspended in hexane. ZnS precursor was

prepared by mixing a solution of 2mmoles of thiourea powder in 10 mL of tri-n-
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octylphosphine and a solution of 2mmoles of zinc acetate in 10mL oleylamine with
vigorous stirring.® * ZnSe precursor was prepared by mixing a solution of 2mmoles of Se
powder in 10 mL of tri-n-octylphosphine and a solution of 2mmoles of zinc acetate in

10mL oleylamine with vigorous stirring.> 4> **

2.3.Characterization

Structural characterization by means of powder X-ray diffraction was carried out on a
Siemens D500 diffractometer using a high-power Cu-ka source operating at 50 kV and
35mA with a Kevex solid-state detector. Average crystallites sizes were calculated using
the main diffraction peaks and according to Scherrer’s equation.*’ To calculate the relative

intensity the following equation was used:

I
RI = x100
IMax

The Bragg’s Law was used to calculate the crystal diameter. The Bragg’s Law is as follows:

_ n*Aa
2 *sin(h)

The crystal size was calculated by Scherrer’s equation as follows:

0.9x*4
FWHM % cos(60)

Size =

Where:
li: intensity of i-peak
Imax: Maximum intensity peak
n: 1, K,
A Cu,: 1.541838 A
FWHM: full width at half maximum calculate by PowderX®

The presence of adsorbed surface species was determined using Fourier Transform

Infrared technique, using a Shimadzu IR-Afinity spectrometer. The materials were



examined using a on a JEOL-2011 and a JEM-ARM200F high resolution transmission
electron microscope, also equipped with an x-ray energy dispersive spectrometer. The
optical properties were measured using a Fluoromax2 Photo-
spectrometerspectrophotometer for photoluminescence measurements. The excitation
wavelength for photoluminescence measurements was set at 400nm. PL Quantum Yield
(QY) of QDs was calculated by comparing their integrated emission to that of rhodamine
B, QY = 90% in absolute ethanol with Aex = 515 nm at 10 °C. All optical measurements
were performed at room temperature. High Resolution Transmission Electronic Microscope
(HRTEM) (JEOL transmission microscopy, model JEM-2100, 200KV) was employed to
characterized morphology and structure of core/shell structures. Elemental compositions of
QDs were determined by energy-dispersive spectroscopy (EDS). Films of samples were
studied in Shimadzu FTIR-8400: Fourier Transform Infrared Spectrophotometer Shimadzu
FTIR-8400.

2.4.Singlet Oxygen Characterization

A suspension of 1.0 mL of DPBF 1.02x10°° mol/L and 0.1 mL of QDs 1.x10° mol/L
were mixed and diluted to 10mL in hexane. The mixture was continuously irradiated by a
fluorimeter’s lamp during all analysis. After the irradiation, the solution was tested in the
same instrument and PL measurements were taken each 30 seconds at room temperature.
The relative fluorescence intensity of the solution was measured at 447 nm with excitation
at 403 nm. DPBF is highly sensitive to the presence of reactive oxygen species such as
singlet oxygen. PL intensity was measured 9 times by sample, generating a standard

deviation of 2.29 .32



3. RESULTS AND DISCUSSION

3.1.CulnS,/ZnS core/shell QDs system

3.1.1. Structural Characterization

The structural phases of CulnS; core and CulnS,/ZnS core/shell structure were acquired
by means of X-ray diffraction (XRD) characterizations. Figure 1 shows the XRD patterns
of the CulnS; core and CulnS,/ZnS core/shell nanoparticles synthesized. The diffraction
peaks can be indexed to the (112), (204)/(220), and (116)/(312) reflections of the tetragonal

crystal structure of CulnS, chalcopyrite phase.

The formation of the CulnS, zincblende phase can be reason of absent of diffraction
peak of (200) characteristics of zinchlende phases. With CulnS, coated with the ZnS shell,
peaks exhibited a shift to greater angles, closer to the characteristic peak location of bulk
cubic ZnS. CulnS,/ZnS core/shell peaks are less wide and are more defined than peaks of

CulnS; core doubt to a possible increased particle size.

The Scherrer equation was used to determine the size of CulnS; core and CulnS,/ZnS
core/shell QDs, the average diameters calculated were 5.0nm and 6.5nm, respectively, with
+0.5nm of error. We used the Scherrer constant of 0.89 for tetrahedral structures
perpendicular to the plane (111) in cubic phase, due this equals to (112) plane of tetragonal

phase 22,42,43
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Figure 1. XRD patterns of JCPDS chalcopyrite, ZnS, CulnS, core and CulnS,/ZnS
core/shell quantum dots synthesized by two methods different: DDT and OA

HR-TEM images, figure 2, reveal that the particle sizes of the CulnS,/ZnS
core/shell nanoparticles are significantly pyramidal in shape by CulnS, tetragonal phase,
with diameters of approximately 5nm, and have homogeneous particle size distribution.
HR-TEM images reveal that the particle sizes of the CulnS,/ZnS core/shell nanoparticles
are significantly pyramidal in shape by CulnS, tetragonal phase, with diameters of

approximately 5nm, and have homogeneous particle size distribution.

The figure 2f show the organization of chalcogenide clusters with ligands propose
by Zhong et al.®® The average diameter of CuInS, core and CulnS,/ZnS core/shell QDs,

obtained by HRTEM, were 5nm and 6nm, respectively, with 1nm of error.
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Figure 2. TEM and HRTEM micrographs of CulnS,/ZnS core/shell quantum dots
synthesized by SU-TOP-TOPO-OA method (a, b, c), DDT-OA method (d, e), and
schematic model (f) of NP aggregation™
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3.1.2. Optical Properties

PL spectra of CulnS; core and CulnS,/ZnS core/shell quantum dots synthesized by two
methods different are showed in Figure 3. The study of photoluminescence core/shell
nanoparticles reveal excellent photoluminescent (PL) properties with emission observed for
red and Near-IR regions, approximately 725nm and 735nm for DDT and OA methods,
respectively. The small PL spectra width could indicate a homogeneous size distribution for
CulnS; and CulnS,/ZnS QDs, supporting the results of HR-TEM method. Nevertheless,
previous works in chalcogenides synthesis had reported broadening of photoluminescence
spectra peaks. In the literature, there are not reported peak width smaller 60 nm for CulnS..
Synthesis methods of CuSe and monodispersed colloidal spheres for uniform Y,03:Eu®*
have reported PL spectra peak width shrink until 40nm and 10nm, respectively. Moreover,
calibration of the instrument used in determining PL measures could directly influence the

width of any spectrum peak photoluminescence.

Relating both methods we observe a difference in the luminescence emission
intensity"?? 4 PL intensity decreases when we use SU-TOP-TOPO-OA instead of
DDT-TOP-TOPO -OA. In the spectrum it can also be observed a slight shift toward a

longer wavelength, when the synthesis is performed without DDT.
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Figure 3. PL spectra of CulnS; core quantum dots and CulnS,/ZnS core/shell quantum dots
synthesized at 250°C, with excitation at 400nm. PL intensity were much higher than that
for CulnS; due to the fact that the ZnS shell growth diminishes the number of surface
interactions or bounds, which can develop as trap states for charge carriers and thus reduces
the optical properties’

Original ligand molecules on the CulnS,/ZnS core/shell QDs surface can be
exchanged by others, which can produce diverse properties to the nanoparticles, such as
luminescence diminishes and optical changes. Primary quantities of OA have been
exchanged with thiols containing different functional groups, which can interact with
CulnS,/ZnS nanoparticle surface. A quenching effect generated by pi-bonding in the
structure of OA, it could be cause of luminescence diminishes in CulnS,/ZnS core/shell

QDs synthetized by DDT route.

Quantum confinement effects were observed for red and Near-IR emission and

qguantum yield increasing form 9% to 47% after ZnS overcoating for ternary chalcopyrites.
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CulnS,/ZnS core/shell nanoparticles synthetized have attracted great attention for their

exceptional PL properties which is promising in applications as photodynamic therapy'®**

40

3.1.3. Partial conclusions for CulnS,/ZnS core/shell QDs system

1. CulnS; core and CulnS,/ZnS core/shell QDs were synthesized using DDT and SU
with excellent PL properties.

2. Capping exchange with thiol molecules results in an increased luminescence
efficiency for CulnS,/ZnS QDs.

3. Quantum confinement effects were observed for red and Near-IR emission, as
predicted by their small diameter (~5 nm) compared to the bulk Bohr radius.

4. QDs synthetized have attracted great attention for their optical properties which is

promising in applications as photodynamic therapy and solar cells.
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3.2.CulnSe,/ZnSe core/shell QDs system

3.2.1. Structural Characterization

A new, simple and sustainable method of synthesis of CulnSe,/ZnSe core/shell QDs,
the CulnSe; core quantum dots was developed matrix synthesis cooled and added slowly
with constant stirring in inert atmosphere, the precursors ZnSe were added by pressure-
equalizing dropping funnel with the temperature was slowly increased to 240°C. This
method of synthesis could prevent the formation of agglomerates and facilitate the
formation of shells with better size distribution, due to the previous surrounding and
probable solvation of the CulnSe, core by the precursor molecules of ZnSe. Some author

proposed the CulnSe, nanoparticles, can serve as catalyzer and nucleation center. % 2

The structural phases of CulnSe, core and CulnSe,/ZnSe core/shell structure were
acquired by means of X-ray diffraction (XRD) characterizations. (Figure 4) shows the XRD
patterns of the CulnSe; core and CulnSe,/ZnSe core/shell nanoparticles synthesized. The
diffraction peaks can be indexed to the (112), (204)/(220), and (116)/(312) reflections of
the tetragonal crystal structure of CulnSe, chalcopyrite phase. The development of the
CulnSe; zincblende phase can be excluded doubt the absence of diffraction peak of (200),
distinguishing peak of zincblende phases. After the sample was coated with the ZnSe shell,
all peaks exhibited a mild shift to larger angles, closer to the characteristic peak setting of
bulk cubic ZnSe. The CulnSe,/ZnSe core/shell QDs peaks are less wide and are more

defined than peaks of CulnSe; core, its indicating increased particle size.

The Scherrer equation was used to determine the size of CulnSe, core and

CulnSe,/ZnSe core/shell QDs, the average diameters calculated were 3.6nm and 5.5nm,
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respectively, with £0.5nm of error. We used the Scherrer constant of 0.89 for tetrahedral

structures perpendicular to the plane (111) in cubic phase, due this equals to (112) plane of

22,42,43

H

tetragonal phase.
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Figure 4. XRD patterns of CulnSe, core and CulnSe,/ZnSe core/shell quantum dots
synthesized. The XRD patterns for bulk CulnSe, (JCPDS 40-1487) and ZnSe (JCPDS 05-
0522) are shown as reference. Synthesized CulnSe,/ZnSe core/shell QDs peaks are less
wide and are more defined than peaks of CulnSe, core, indicating increased particle size:

the Scherrer average diameters calculated were 3.6nm and 5.5nm, to CulnSe, core and
CulnSe,/ZnSe core/shell QDs, respectively, with £0.5nm of error.

The crystalline structure of the CulnS,/ZnS core/shell quantum dots was revealed by
using high-resolution transmission electron microscopy (HRTEM) shown in (Figure 5).
Based on the evidence found with the HRTEM analysis, the observed lattice fringes with a
distance of 0.334 nm can be associated to the (112) plane of the chalcopyrite phase. All

CulnSe; pyramids sides should be (111) surface, supposing the CulnSe, pyramids are of
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zincblende phase with distance lattice spacing of 0.334 nm, which indicates the
chalcopyrite phase of CulnSe, pyramids. Lattice parameters of 0.334 nm and 0.206 nm
matches (112) and (220) planes of the CulnSe; chalcopyrite phase. CulnSe; core QDs show
trigonal pyramidal shape related to the polarity and stability of chalcopyrite surface sides.
The (112) plane of the CulnSe; tetragonal phase is a polar surface, which have positive or
negative terminated surface. These polar sides have a higher surface energy and high
reactivity. The fast growth along the [112] direction normally diminishes the (112) plane,
leaving non-polar surfaces such as (114) planes. The constant lattice spacing and clear
crystal planes evidence the crystal morphology of CulnSe, core CulnSe,/ZnSe core/shell
structures.*** The average diameter of CulnSe, core and CulnSe,/ZnSe core/shell QDs,
obtained by HRTEM, were 4nm and 6nm, respectively, with £1nm of error (see supporting

information in Figure S1, S2 and S3).%

The Fourier-transform infrared (FT-IR) spectra of CulnSe,/ZnSe core/shell QDs
synthesized are shown in supporting information (see figure S4). It is shown that distinct
absorption peaks are observed at (2858, 2954,3261, 3423)cm™*, which corresponds to
CulnSe,, and (1380, 1614)cm™* The FTIR spectra of CulnSe,/ZnSe core/shell QDs show
several peaks for typical organic compounds such as methyl, methylene, and methine
groups (CHs;, CH,, CH, respectively) and nitrogenous substances presents in ligands
structures used. The broad and strong band near 3261 cm™* and 3423 cm™ represents
asymmetric stretching of amine groups. The band near 2900 cm™ characterizes —CH
stretching mode of —CH, group. The bands near 1460 cm—1 and 1380 cm ™ are attributed
to — CHjs bending and —CHs shaking respectively. The band at 1000 cm ™ is attributed to

—CH3 rocking and —CH, shaking modes. The C—P stretching peaks of TOP appeared at
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1170, 1076 and 1,032 cm ™. The peak at 728 cm ‘related with (-CH2-)n (n > 4) stretching
of TOP was also observed. From these data, it could be confirmed that the TOP was

successfully capped on the CulnSe,/ZnSe core/shell QDs surface.*3*°

3.2.2. Optical Properties

Excellent photoluminescence (PL) properties with emission observed for red and Near-
IR regions, approximately at 800 nm (Figure 6). PL intensity, photostability and
photoluminescence QY of CulnSe, QDs were considerably enhanced by means of the

growth of a shell of ZnSe of higher band gap value.?*** %

The small PL spectra width could indicate a homogeneous size distribution for CulnS;
and CulnSe,/ZnSe QDs, supporting the results of HR-TEM method. Nevertheless, previous
works in chalcogenides synthesis had reported broadening of photoluminescence spectra
peaks. In the literature, there are not reported peak width smaller 60 nm for CulnSe,.
Synthesis methods of CuSe and monodispersed colloidal spheres for uniform Y,03:Eu®*
have reported PL spectra peak width shrink until 40nm and 10nm, respectively. Moreover,
calibration of the instrument used in determining PL measures could directly influence the
width of any spectrum peak photoluminescence.

ZnSe has chemical stability and nontoxic large semiconductor band gap, exhibiting a
type-1 semiconductor. When it overcoats the CulnSe; core, the lattice mismatch between
CulnSe; core and ZnSe shell is relatedly low as in the case of CulnS,/ZnS systems (around
2%).29% 40 A strong enhancement of the PL intensity in the emission peak of CulnSe; can

be observed in (Figure 6), when it is coated with ZnSe shell. The QY of synthetized QDs
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increased from 11% to 62% and is highest (to our knowledge) for ternary

Cha'COpyrites,6'15’20’25v4°

These PL properties suggest the possibility of using these structures in different areas
such as light-emitting devices, solar cells, fluorescent biological labeling or, more
specifically, a kind of photosensitizer nanoparticle in singlet oxygen generation exhibiting
promising application in the PDT. The narrow peak width of the PL intensity in the (figure
6) infer on the homogeneous distribution and small particle size, supporting the results of
XRD and HR-TEM methods. There is a shift of band gap energy where is the PL maxima
intensity of CulnSe; bulk, from 1.07 eV to 1.55eV (1.55 eV or 800 nm). This shift is due to

Bohr exciton radios.*®’
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Figure 5. TEM and HRTEM CulnSe, core QDs and CulnSe,/ZnSe core/shell QDs
synthesized at 250°C, with average diameter, obtained by HRTEM, were 4nm and 6nm,
respectively, with £1nm of error: a, b) and ¢) HRTEM CulnSe, core QDs with three
different magnifications, d) TEM of CulnSe,/ZnSe core/shell QDs, e) and f) HRTEM of
CulnSe,/ZnSe core/shell QDs with tow different magnification show interphase between
CulnSe;, core and ZnSe shell. HRTEM analysis show CulnSe, core QDs show trigonal
pyramidal shape related to the polarity and stability of chalcopyrite surface sides.
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Theoretical and experimental studies have shown the nanoparticle size dependent
optical band gap of the chalcopyrite-type ternary I-11-V1, semiconductor QDs. Based on the
nanoparticle size dependent optical band gap reported for ternary chalcopyrite, it was
shown that the optical band gap of QDs covers wide wavelength range from near-infrared

to ultraviolet.*6%
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Figure 6. PL spectra of CulnSe; core quantum dots and CulnSe,/ZnSe core/shell quantum
dots synthesized at 250°C, with excitation at 400nm. PL intensity and QY of CulnSe,/ZnSe
(62%) were much higher than that for CulnSe;, core (11%),due to the fact that the ZnSe
shell growth diminishes the number of surface interactions or bounds, which can develop as
trap states for charge carriers and thus reduces the optical properties.

3.2.3. CulnSe,/ZnSe Core/Shell Quantum Dots As Semiconductor Type-I.
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Band gaps, effective masses, composition and relative electronic energy levels
difference between the core and the shell, the core diameter and the shell thickness,
materials bring about either type | or type Il semiconductor structures. Type | assembly
corresponds to the condition in which both a hole and an electron are located in the same
section of the heterostructure, the core or the shell side. In the type Il arrangement holes
and electrons are physically separated and reside in different regions in the core/shell
structure. Preliminary studies have focused on type | core/shell QDs, in which the shell is
used to passivate the surface of the core with the goal to improve photoluminescence

quantum efficiencies of QDs.>* >

The shell of QDs structurally separates the photoluminescent core of CulnSe;, from its
neighboring environment.™ **°2 All these characteristics can be observed in the schematic
representation in (Figure 7). PL intensity and QY of CulnSe,/ZnSe was much higher than
that for CulnSe, > core (Figure 6) due to the fact that ZnSe shell growth diminishes the
number of surface interactions or bounds, which can develop as trap states for charge

carriers and thus reduces the optical properties.” 44

The difference of 1.04 eV between band gap values of CulnSe; core (1.05 eV) and
CulnSe,/ZnSe shell (2.69 eV) can be observed in (Figure 7). It consists of high
luminescent chalcopyrite quantum core/shell dots that involves a heterojunction formed by
a chalcopyrite p-type photon ( hv) absorber core and for a (hv) transparent n-type window

layer.>* °

Numerous research groups have been investigating the electronic band structures of I-

111-V1; compounds.”® Ternary chalcogenides founded Cu element have valence band

22



maxima with anti-bonding states of Cu-3d orbitals and chalcogens p orbitals and
conduction band minima with anti-bonding states generated from Ill-s orbital and 1V-p
orbitals. As consequence, ternary Cu-based chalcogenides have smaller band gaps than I1-
VI compounds due to their display of higher band maxima.*® ** %% Consequently, the
electrons in the valence band of ternary chalcogenides such as CulnSe; can be excited more

easily by photons and issue PL radiation, see figure 7.%°

0,

UV-Vis Red-Near IR hv

CulnSe,/ZnSe core/shell QDs
Semiconductor Type-|

Figure 7. Schematic representation of Pair hole-electron (h*-e") localization regime
supported by heterostructures of CulnSe,/ZnSe core/shell QDs in the case of a fixed core
radius and thin shell widths. Both electron and hole wave functions are localized in the
CulnSe; core. As a result, type 1 semiconductor CulnSe,/ZnSe core/shell QDs, in which the
ZnSe shell is used to passivate the surface of the core with the goal to improve
photoluminescence quantum efficiencies of QDs.
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Since the core/shell structure is formed by different semiconductor materials, band
discontinuities occur at the interface. The calculation of the electron/hole wave function
based on spherical potential showed the radial probability distribution of electrons in
similar chalcogenide core/shell structures, CulnS,/ZnS, showing highly confined electron
wave function.”” * Here we observed in the high increment of fluorescence of
CulnSe,/ZnSe core/shell heterostructure over CulnSe, core. The wave function of each
potential region of core/shell structure overlap provided lower chance of hole-electron

recombination and increased the life-time of the excited electron-hole. >

3.2.4. Near-IR CulnSe,/ZnSe emission, down-converting nanoparticles

CulnSe,/ZnSe core/shell nanoparticles can be defined as down-conversion quantum
dots (DC-QD). A DC-QDs are structures that can do scission of photons with energy at
double the band gap energy into two lower energy photons, which emit PL in the red, near-
IR, and IR regions of electromagnetic spectra. The down-conversion process consists in a
transformation, throw a specific material with higher energy of photons into one or more
lower energy photons.>”*® DC properties of this CulnSe,/ZnSe core/shell QDs obtained can
be used in converting incident photons with energy larger than an integer multiple of band
gap energy of the solar cell material that could be down-converted into a corresponding
number of photons with energies larger than the band gap energy.*® In our interest was to
developed a technique to evaluate CulnSe,/ZnSe core/shell nanoparticles as photosensitizer

in generation of reactive oxygen species such as singlet oxygen. Considering the dynamics
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of energy transformations in this system, we decided it could interesting to evaluate their
potential as photosensitizers for the generation reactive oxygen species such as singlet

0Xygen-32,35,37,59

3.2.5. CulnSe,/ZnSe Photosensitizing Properties and singlet oxygen generation

In the past years, an increasing number of studies have been reported, showing that
organic and inorganic materials provided photosensitizing environment for generation of
singlet oxygen 3727323480 A relevant result of our investigation was to probe the
photosensitization properties of CulnSe,/ZnSe that involve singlet oxygen (‘O,)
production. A reasonably new method for cancer treatment is photodynamic therapy (PDT),
which light induced reactive oxygen species production in confined areas and these
destroyed malignant tumor cells .***%% The CulnSez/ZnSe could be tagged with specific
antigen-antibody system, as for assembly of nanostrucutres through streptavidin-biotin
interaction ®*%%% bringing them in close proximity to the tumor cells and administrated
systemically. In this context, CulnSe,/ZnSe can act as a kind of photosensitizer drug
molecules exhibiting promising application in the PDT for anticancer treatment.* O, can
be rapidly generated by irradiating CulnSe,/ZnSe core/shell QDs, a reaction mechanism of

Type |1, which transfers its excited triplet state energy to ground-state oxygen (°0,).3%%64

DPBF was employed as quencher of *O,, the fluorescence of DPBF was quenched
markedly when it reacted with *02; however, it would recover in the presence of a
scavenger which could be oxidized by 0,.3% ® ¢ The emission spectra of DPBF were

recorded and are shown in (figure 8). This figure displays the relative fluorescence intensity
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of the system CulnSe,/ZnSe-DPBF in hexane from t, (without radiation) to t (with kinetic

experiment until 360s).

As can be seen from (figure 8), the relative fluorescence intensity of the system
decreased markedly due to the generation of 'O, by irradiating the CulnSe,/ZnSe-DPBF
system with wavelength 400nm.*®® This markedly reduced PL intensity with time at

intervals of 60s until 360s, when reaction was stopped.

The PL intensity maxima from each interval of time studied was evaluated as a
function of time in (figure 8), where its shows decreasing relation. Therefore, knowing 'O,
quenching activity of DPBF, this experiment showed a good capacity of *O2 production by
CulnSe,/ZnSe in the system evaluated.3* * 3> ® |t js emphasized that the DPBF
fluorescence without CulnSe,/ZnSe quantum dots samples, themselves was observed at
(437-510) nm with excitation at 400nm in our experiments throughout. DPBF reacts with
0, suffering a 1,4-cycloaddition, this reaction is determined by a reduction in the PL

intensity of the DPBF absorption band above 410nm, as show it in (Figure 9).343>6667
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Figure 8. Decay DPBF fluorescence upon reaction of DPBF with singlet oxygen. DPBF
was employed as quencher of *O,, the fluorescence of DPBF was quenched markedly when
it reacted with 'O,.The emission spectra of DPBF were recorded and are shown in this
figure, where displays the relative fluorescence intensity of the system CulnSe,/ZnSe-
DPBF in hexane from ty (without radiation) to t (with kinetic experiment until 360s). The
relative fluorescence intensity of the system decreased markedly due to the generation of
10, by irradiating the CulnSe,/ZnSe-DPBF system with A=400nm.
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Figure 9. DPBF Kinetic study of the quenching reaction of singlet oxygen. DPBF reacts
with O, suffering a 1,4-cycloaddition, that is detected as a decrease in the PL intensity of

the DPBF absorption band above 410nm.

As shown in Figure 10, the PL intensity of the solution containing CulnSe,/ZnSe
core/shell QDs and DPBF decreases gradually as a function of time under light irradiation,

while the change is insignificantly small in the absence of CulnSe,/ZnSe core/shell QDs

(figure 11).
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Figure 10. Decay curve in fluorescence intensity of DPBF as a function of irradiation time.
DPBF in air and DPBF with CulnSe,/ZnSe core/shell quantum dots in air.
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To confirm that the decomposition of DPBF is caused by 'O, instead of a direct
reaction with photo-excited CulnSe,/ZnSe core/shell QDs, the photolysis reaction was
carried out in a solution bubble with N, to eliminate O,. The decrease of the PL intensity of
DPBF in N, bubble QDs suspension was insignificant compared to that of the non-bubble
with N, QDs suspension (Figure 10). The evolution of the DPBF 1,4-cycloaddition reaction
on dissolved O, suspension make available strong evidence that ‘O, is generated by the in

the photosensitizer activity of the CulnSe,/ZnSe core/shell QDs synthesized.3*%%°
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Figure 11. DPBF with CulnSe,/ZnSe core/shell quantum dots in N, and DPBF with
CulnSe,/ZnSe core/shell quantum dots in air

In recent times, has been exposed generation of 'O, when quantum-confined areas
in porous Si films and nanoparticles are excited with UV-visible light.3* The energy transfer
development is effective due to the vast specific surface area of porous and the
exceptionally long lifetime of the excitons of Si films or Si nanoparticles.>*®® A strong
photosensitizer with capacity of absorbing and exhausting the energy is necessary to
increase energy of oxygen to its singlet state.®”®% pPhotosensitizers should exhibit first
excited triplet state of appropriate energy value or band gap value (>95kJ/mol) to permit
efficient energy transfer to ground state oxygen according extended Jablonski diagram.®"®

Although that the singlet oxygen formation energy is 95kJ/mol, which corresponds to the

energy of 1270nm, wavelengths longer 800nm are seldom used for PDT due to high
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scattering in the tissue and lack of adequate sensitizers that emit PL in near-IR or IR
regions.®® Energies longer 200kJ/mol (~590nm or ~2.1eV) are not desired due in the
competition between mechanism type | and Il, advantage the first, with more training of
ROS than singlet oxygen.®”®*™ Depend of size of nanoparticle band gap change and the
value by quantum confinement and diameter size relationship. The CulnSe2/ZnSe
core/shell QDs synthetized have a PL emission optimum energy of 1.546 eV or 154kJ/mol
(800nm), as was show it in (Figure 6), to produce singlet oxygen in large quantity that ROS
species.” ® Beyond singlet oxygen, QDs produce other reactive oxygen and nitrogen
species, previous studies show that electron and/or energy transmission from QDs to
adjacent biomolecules accomplished of producing singlet oxygen and other radical species.
Recently has been reported studies that support the possibility of using QDs for light
induced photo oxidation via both Type Il (*O, generation) mechanism and Type | (radicals

formation).*>"-"2

For Type Il pathway, PDT effect is highly dependent on the oxygen content’ In
cancer therapy, the inner region of a tumor is commonly hypoxic, due to insufficient blood
supply """ In addition, oxygen shortages can occur as a result of photochemical
consumption and vascular damage during PDT, which further limits efficacy in tumor
destructions. The Type | mechanism involves hydrogen-atom abstraction, yielding free
radicals. Type | and Type Il mechanism can occur simultaneously, even if is supposed that
the biological PDT effect id generated by 'O, formed by Type Il mechanism, however,
several studies reveal that the ROS from Type | reaction may prime to an improved PDT
activity below low oxygen environments.” Studies support nanoparticulates systems with

capacity to modulate Type | and/or Type Il reactions for efficient ROS generation subject
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on the tumor cells environment, and CulnSe,/ZnSe core/shell QDs synthetized could be a

kind of this tuning o modulator.**"*"*"®

It should be emphasized here that CulnSe,/ZnSe core/shell QDs synthetized by this
method are very stable on long time maintenance low aggregation a high PL properties
through six months, detail in supplementary information (Figure S4A and S4B). Their low
solubility is other cumulative value if these are compare with others nanoparticles highly

when PDT are applied in viv.**3*

CulnSe, and ZnSe are relatively low toxic and their high luminescence, that is
produced by the quantum confinement produced by CulnSe,/ZnSe core/shell structure,
promote that used very slow quantities of photosensitizer. Additionally known that each
photosensitizer of conventional molecular agent can typically produce 10°-10° molecules of
10,%, which is a high amount of oxygen species that origin the death of tumor cells.” In
addition, some authors suggest the combination of PDT with other techniques such as
thermolysis.®*™® CulInSe,/ZnSe core/shell QDs synthetized, when this are irradiated and
produced luminescence either produce heat and this combination can improved the results

of PDT.32'70'77'78

CulnSe,/ZnSe core/shell QDs can applied in treatment of cancer by local hyperthermia
with only change energy of irradiation to move PL emission to more near-IR and/or IR
/7787 On the other hand, physicochemical properties of CulnSe,/ZnSe core/shell QDs
synthetized can provide a safe and environmentally benign nanomaterial with antibacterial
properties, by tuning ‘O, and others ROS production, with variation in composition, size,

and/or wavelength on irradiation energy.®
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3.2.6. Partial conclusions for CulnSe,/ZnSe core/shell QDs system

1. A novel and sustainable way to synthesize high fluorescence CulnSe, core and
CulnSe,/ZnSe core/shell QDs has been developed

2. CulnSe,/ZnSe core/shell QDs with nearly stoichiometric composition and excellent
PL properties were synthetized.

3. Quantum confinement effects were observed at 800nm, for red and Near-IR
emission, for excitonic transitions in the CulnSe, QDs, as predicted by their small
diameter of approximately 4nm, and 6 nm to CulnSe,/ZnSe core/shell QDs, related
to the 10.6nm of the bulk exciton Bohr radius.

4. The PL QYs of CulnSe,/ZnSe core/shell QDs increased from 11% to 62%, with
respect to CulnSe; core emission.

5. The preliminary results demonstrated the potential of CulnSe, core and
CulnSe,/ZnSe core/shell nanoparticles with comparatively low toxicity to different
materials for the advanced development of extensive optical device application as
photosensitizer in ROS production.

6. CulnSe,/ZnSe core/shell QDs nanoparticle as photosensitizer was evaluated by
kinetic study were performed on the singlet oxygen quenching reaction with DPBF,

which is promising in application as photodynamic therapy and solar cells.
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3.3. Future developments: CulnSe,; QDs — PVA thin films structures for inorganic
- organic hybrid solar cell

3.3.1. Abstract
CulnSe, quantum dots semiconductor chalcogenide nanocrystals were synthesized by an
organometallic method by the reaction of copper and indium salts with various sulfur and
selenium sources, tri-n-octylphosphine, and oleylamine in octadecene solvent, with a
moderate reaction temperature (240°C). The structural and optoelectronic characterization
of the soot produced in the reaction was investigated through X-ray diffraction (XRD) and
Photoluminescence. XRD a chalcopyrite type structure with crystallite size of about 4 nm.
The as-prepared quantum dots nanocrystals exhibit photoluminescence in the range of 600-
900 nm. This particles was used to prepare an inorganic-organic hybrid for solar cell by

QDs-PVA composite thin films.

3.3.2. Introduction

Fluorescent organic and inorganic materials are promising in studying the complexity
and dynamics of biological process [1,2]. The physicochemical properties will change
radically as the materials evolve from the bulk level to the atomic or molecular counterparts
[3]. Compared to the traditional dyes (fluorescent organic molecules), semiconductive
nanocrystals have broader excitation wavelength range, narrower and tunable emission
spectra [1], more resistant to chemicals and metabolic degradation, and higher
photobleaching threshold. In this work, a transparent poly (vinyl alcohol) (PVA)
nanocomposite thin film (30-50 nm) reinforced with core/shell CulnSe, quantum dots

(QDs) was fabricated by a spin coating method. A narrow peak at 800nm observed in the
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UV-vis spectrum indicates the uniformly dispersed QDs in the PVA matrix. FT-IR analysis
indicates the interaction between the QDs and the polymer matrix. Both PVA and PVA-
QDs nanocomposite thin films show polarized light dependent absorption properties with
several different absorption peaks. As compared to the only fluorescent emission peak at
800nm of QDs, the pure PVA and PVA-DDs nanocomposites show an excitation

wavelength dependent fluorescent emission property.

3.3.3. Experimental methods

3.3.3.1. QDs synthesis

3.3.3.1.1. Chemicals:

Copper(l) acetate (CuA 98%), Indium(lll) acetate (In(OAc)s, 99.99%) from Acros
Organics. oleylamine (OA, 90%), 1-dodecanethiol (DDT, 97%), 1-octadecene (ODE, 90%),
acetone and methanol from Sigma-Aldrich. Zinc acetate (90%) dehydrate, sodium
diethyldithiocarbamate trinydrate (97%) from Alfa Aesar. Poly(Vinyl Alcohol) (PVA) 99%
from Alfa Aesar.

3.3.3.1.2. General procedure

Values in brackets indicate quantities of material. In(OAc);3 (1.44 g) and CuA (0.586 g)
were mixed with 0.1mmol of selenourea for Se configurations and 25 mL of ODE in a 100
mL three-neck flask under an inert atmosphere. The mixture was heated to reaction
temperature at 240 °C under primary vacuum and stirring for 30 min. The color of the
reaction solution progressively changed from colorless, yellow, orange, red, deep red and
finally dark brown. The mixture was kept at reaction temperature for 30 min. While waiting
for synthesis the ZnS precursor was made by mixing 0.1mol of selenourea for Se structures

and 20 ml of OA. After core being 30 min in reaction temperature, 20 ml of ZnS (or ZnSe)
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precursor were added drop wise by syringe pump. The mixture was removed from heating
source and isolated by adding abundant methanol. For precipitating acetone was added
followed by centrifuging. The precipitation/dispersion cycle was repeated at three times in
order to eliminate byproducts. ZnDDTC for ZnSe precursor was prepared by a precipitation
reaction under ambient condition. 4.4 g zinc acetate dehydrate was dissolved in 200 mL of
distilled water in a 500 mL beaker. 9.0 g of sodium diethyldithiocarbamate was dissolved
in 80 mL of distilled water and added dropwise into zinc acetate solution with vigorous
stirring. The mixture was kept stirring for 30 min after the addition. The resulting white

precipitates were filtered, washed with distilled water, and dried under vacuum at 50 °C.

3.3.3.1.3. PVA film preparation

All of the films produced were made from a 15% aqueous PVA solution. To prepare the
PVA solution, 30 ml of deionized water was added to 5.3 g PVA (Elvanol 90-50; Mn =
37740, degree of hydrolysis = 99%, polydispersity index = 2.15, E.I. DuPont de Nemours
& Co., Wilmington, DE, United States). The PVA solution was heated at 90°C for 4 to 6 h.
The solution was allowed to cool for several minutes before use. The solution was then cast
onto six 75 x 50 mm SiO, slides and spread uniformly over the slides using a glass rod. The
films were allowed to dry at 25°C for at least 24 h. The amorphous PVA films were then
annealed in an oven for times ranging from 15 to 90 min at temperatures of 90 to 120°C.
Once the films were removed from the oven, they were peeled off of the glass slides and

stored at room temperature.

3.3.3.1.4. PVA-QDs nanocomposite thin film fabrication
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3 g quantum dots per 100 g solution was added into PVA aqueous solution. The PVA-
QDs nanocomposite thin film was made following the same procedures as those used for

the pure PVA thin film fabrication by Spin Coating techniques.

The typical film thickness was measured to be 15 to 20 layers of CulnSe, and PVA.

3.3.3.1.5. Characterization

The structural and optoelectronic characterization of the soot produced in the reaction

was investigated through X-ray diffraction analysis and photoluminescence measurement.

3.3.4. Results

Here we show preliminary results about structural and optical properties.Structural
Characterization: The structural phases of CulnSe2 were acquired by means of X-ray
diffraction (XRD) characterizations. (Figure 1) shows the XRD patterns of the CulnSe;
quantum dots nanoparticles synthesized and CulnSe, QDs — PVA composite. The
diffraction peaks can be indexed to the (112), (204)/(220), and (116)/(312) reflections of
the tetragonal crystal structure of CulnSe;, chalcopyrite phase. The absence of diffraction
peak of (200), distinguishing peak of zincblende phases, enables us to excluded the
development of the CulnSe2 zincblende phase. After the sample was coated with the PVA,
all peaks exhibited the same angles. The Scherrer equation was used to determine the size
of CulnSe2 core and CulnSe2/ZnSe core/shell QDs, the average diameters calculated were
3.6nm and 5.5nm, respectively, with £0.5nm of error. We used the Scherrer constant of
0.89 for tetrahedral structures perpendicular to the plane (111) in cubic phase, due this

equals to (112) plane of tetragonal phase.
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Figure 12. XRD patterns of CulnSe,; — PVA QDs systems

Optical characterization: Figure 2 shows the fluorescence spectra of QDs agqueous
solution, pure PVA thin film and PVA-QD nanocomposite thin film, respectively. The
excitation wavelength was 350 nm. A peak at 800nm was observed in both QDs aqueous
solution and PVA-QD nanocomposite thin film, which was characteristic of CulnSe2
guantum dots. No fluorescence phenomenon was observed in pure PVA thin film in the

observed wavelength ranging from 400nm to 900nm.
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Figure 13. PL spectra of PVA, CulnSe, QDs in hexane and PVA-CulnSe; systems

3.3.5. Partial conclusions for CulnSe, QDs-PVA thin films

CulnSe, quantum dots were used to prepare PVA-QDs nanocomposite method. With the
aid of UV-vis spectrophotometer, the polymer composites showed absorption at 400 nm,
similar to the pure QDs solution. The nanocomposites showed a PL emission of the
polymer and the nanosized fillers. The composites have also shown special optical
absorption property when subjected to polarized beams in PL test. During fluorescence test,

a stable emission peak for QDs and a shifting peak for PVA were observed. With
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transparent biodegradable PVA as base material, nanocomposites reinforced with QDs have
great potential optical electronic applications. With the fluorescent quantum dots as

nanofillers, these nanocomposites have great potential applications in the solar cell area.

3.3.6. Partial references for CulnSe, QDs-PVA thin films

1. ]J. H. Kim, J. Y. Jin, J. H. Jung, 1. Lee, T. W. Kim, S. K. Lim, C. S. Yoon and Y. H. Kim
“Formation and electrical properties of Nil-xFex nanocrystals embedded in a polyimide
layers for applications as nonvolatile flash memories”. Appl. Phys. Lett., Vol. 86, No. 3, pp
032904-1 - 032904-3, 2005.

2.F.Li, D. 1. Son, J. H. Ham, G. . Kim, J. H. Jung and T. W. Kim “Memory effect of nonvolatile
bistable devices based on CdSe/ZnS nanoparticles sandwiched between C60 layers”. Appl.
Phys. Lett., Vol. 91, No. 16, pp 162109-1 - 162109-3, 2007.

3. K. Mohanta, S. Majee, S. Batabyal and A. Pal “Electrical bistability in electrostatic
assemblies of CdSe nanoparticles”. J. Am. Chem. Soc., Vol. 110, No. 37, pp 18231-18235,
2006.
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4. CONCLUSIONS

In summary, high fluorescence CulnS; and CulnSe; core and CulnS,/ZnS
andCulnSe,/ZnSe core/shell QDs, respectively, has been synthetized. Specifically, a novel
and sustainable way to synthesize CulnSe2 and CulnSe2/ZnSe QDs was developed. This
technique can produce CulnSe,/ZnSe core/shell QDs with nearly stoichiometric
composition and excellent PL properties. Quantum confinement effects were observed at
(700-850) nm region, for red and Near-IR emission, for excitonic transitions in the CulnS;
and CulnSe, QDs, as predicted by their small diameter of approximately 5nm and 4nm,
respectively, related to the 10.6nm of the bulk exciton Bohr radius. Equivalent effect was
observed around 6 nm to CulnS,/ZnS and CulnSe,/ZnSe core/shell QDs.

The PL QYs of CulnSe,/ZnSe, and CulnSe,/ZnSe, core/shell QDs increased from,
9% to 47%, and 11% to 62%, with respect to CulnS,, and CulnSe,, core emission
respectively. The preliminary results demonstrated the potential of CulnSe, core and
CulnSe,/ZnSe core/shell nanoparticles with comparatively low toxicity to different
materials, such as CulnS,/ZnS system, for the advanced development of extensive optical
device application as photosensitizer in ROS production, as well as biosensors or
bioimaging, centered on the conjugation of these heterostrucrures Type-I to biological
units.

CulnSe,/ZnSe core/shell QDs nanoparticle as photosensitizer was evaluated by
kinetic study were performed on the singlet oxygen quenching reaction with DPBF, which

is promising in application as photodynamic therapy and solar cells.
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6. SUPPORTING INFORMATION

Supporting Information Available: HRTEM particle size distribution of CulnSe;, core QDs
and CulnSe,/ZnSe core/shell QDs, HRTEM of CulnSe,/ZnSe core/shell QDs show
interphase between CulnSe; core and ZnSe shell, The Fourier-transform infrared (FT-IR)
spectra of CulnSe,/ZnSe core/shell QDs synthesized, PL spectra CulnSe,/ZnSe core/shell
quantum dots and photostability exhibited during six months. This material is available free
of charge via the Internet at: http://pubs.acs.org.
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Figure S1. HRTEM particle size distribution of CulnSe; core QDs: (4+1)nm
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Figure S2. HRTEM particle size distribution of CulnSe,/ZnSe core/shell QDs: (6£1)nm
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Figure S3.HRTEM of CulnSe,/ZnSe core/shell QDs show interphase between CulnSe; core
and ZnSe shell. The lattice fringes with a distance of 0.334 nm and constant lattice spacing
and clear crystal planes evidence the crystal morphology of CulnSe, core CulnSe2/ZnSe

core/shell structures [44-47].
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Figure S4. The Fourier-transform infrared (FT-IR) spectra of CulnSe,/ZnSe core/shell QDs
synthesized. It is shown that distinct absorption peaks are observed at (2858, 2954,3261,
3423)cm—1, which corresponds to CulnSey, and (1380, 1614)cm—1). Films of samples were
studied in Shimadzu FTIR-8400: Fourier Transform Infrared Spectrophotometer Shimadzu
FTIR-8400.

Saikia, K.; Deb, P.; Kalita, E. Sensitive fluorescence response of ZnSe(S) quantum dots: an efficient
fluorescence probe. Phys.Scr. 2013, 87, 065802.

Kashyout, A.E-H.B.; Ahmed, E.-Z.; Meaz, T.; Nabil, M.; Amer, M. (One-step) electrochemical
deposition and characterization of CulnSe, thin films. Alexandria Eng. J. 2014, ,
http://dx.doi.org/10.1016/j.aej.2014.03.015 (in press).

56



PL Intensity (a.u.)

! v I v 1 v I v 1 v I
0 70 140 210 280 350
Time (days)
Figure S5A. Photostability exhibited by CulnSe,/ZnSe core/shell QDs during six months.
All samples was suspended in hexane and storage in dark conditions to preserve PL

properties. The PL experiments were the same to the samples characterization signal in
experimental methods section.
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Figure S5B. PL spectra CulnSe,/ZnSe core/shell quantum dots synthesized where exhibited
photostability during six months without aggregation.
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